Among the most important classes of regulatory proteins are the sequence-specific DNA-binding proteins that control transcription through the occupancy of discrete DNA sequences within genomes. Currently, this class of proteins encompasses at least 37 distinct structural superfamilies and more than 100 distinct structural motifs. In this paper, we examine the transcriptional regulator Wor1, a master regulator of white-opaque switching in the human fungal pathogen Candida albicans. As assessed by a variety of algorithms, this protein has no sequence or structural similarity to any known DNA-binding protein. It is, however, conserved across the vast fungal lineage, with a 300aa region of sequence conservation. Here, we show that this 300aa region of Wor1 exhibits sequence-specific DNA binding and therefore represents a new superfamily of DNA-binding proteins. We identify the 14-nucleotide-pair DNA sequence recognized by Wor1, characterize the site through mutational analysis, and demonstrate that this sequence is sufficient for the Wor1-dependent activation of transcription in vivo. Within the 300aa DNA-binding conserved region, which we have termed the WOPR box, are two domains (WOPRa and WOPRb), dissimilar to each other but especially well-conserved across the fungal lineage. We show that the WOPR box binds DNA as a monomer and that neither domain, when expressed and purified separately, exhibits sequence-specific binding. DNA binding is restored, however, when the two isolated domains are added together. These results indicate that the WOPR family of DNA-binding proteins involves an unusual coupling between two dissimilar, covalently linked domains.
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DNA-protein interaction | transcription factor | gene expression | DNA motif | heritable states of transcription C hanges in gene expression are responsible for many aspects of cell and molecular biology, ranging from the adaptation of a bacterium to a new food source to the orchestration of the development of a complex organism from a single cell. One of the most important classes of proteins that regulate gene expression are the sequence-specific DNA-binding proteins that control transcription by occupying discrete DNA sequences within genomes. This large group of proteins (5-10% of the coding capacity of most genomes) can be divided into different structural classes, based on the way they recognize double-stranded DNA. For instance, terms such as homeodomain, leucine zipper, and Cys2-His2 Zinc finger each describe a particular structural domain found in many transcriptional regulators in many different organisms.
It is difficult to rigorously pinpoint the number of distinct structural classes of DNA-binding proteins, because many of the known structures are related to one another (for example, see ref. 1) . Nonetheless, several taxonomies have been developed, and the DBD database currently lists 37 distinct superfamilies and around 150 PFAM domains, with most domains encompassing several variants (2, 3) . Although the majority of these domains are now represented by multiple three-dimensional structures, nearly all were identified as sequence-specific DNA-binding motifs prior to their detailed structural characterization. With the increased use of genome sequencing, the number of individual members assigned to each domain family is greatly increasing.
In this paper, we describe the WOPR box, a previously uncharacterized class of motif (likely representing a distinct superfamily) responsible for the sequence-specific recognition of duplex DNA. We studied the WOPR box in the transcriptional regulator Wor1 from Candida albicans, the most prevalent fungal pathogen of humans. Wor1 is a master regulator of a phenomenon called white-opaque switching whereby two distinct, heritable, cell types (white and opaque) arise from the same genome (reviewed in ref. 4) . In white cells, Wor1 is expressed at low levels; in opaque cells, it is upregulated approximately 40-fold (5-7). Wor1, along with several other regulatory proteins, activates its own synthesis, and this positive feedback loop is believed to maintain the opaque state through many cell generations (6) . In addition, Wor1 controls the transcription of many target genes that give opaque cells their specialized characteristics, including mating ability (8), hosttissue preferences (9) (10) (11) (12) , and metabolic preferences (13) .
Although white-opaque switching appears to be confined to C. albicans and its very close pathogenic relatives, Wor1 is broadly conserved across the entire fungal domain of life, which encompasses over a billion years of evolutionary history. The portion of Wor1 that is conserved across fungi consists of about 300 amino acids (out of 785 for Wor1) at the N terminus of the protein (Fig. 1A) . This conserved region (the WOPR box) consists of two blocks of sequence [in Wor1 roughly positions 1 to 100 (Fig. S1a ) and 185 to 265 (Fig. S1b) ] separated by a less conserved region of variable length. Homology detection programs such as PSI-BLAST (14, 15) fail to detect family members outside the fungal kingdom, although this approach cannot rigorously rule out the existence of this domain in other kingdoms. Structural prediction programs suggest that the two conserved blocks each code for globular domains (Fig. 1B) , but even advanced structure homology searches such as Phyre (16) fail to find a match between either region and any published structures.
Although found in every sequenced fungal genome, homologs of Wor1 have been studied in only a few species besides C. albicans. The Ryp1 protein from Histoplasma capsulatum is a key regulator of the yeast-to-mycelial transition, and like Wor1 it affects transcription of hundreds of genes (17) . Gti1 from Schizosaccharomyces pombe plays a role in the regulation of gluconate uptake in response to starvation conditions, although its biochemical mechanism has not been investigated (18) . Most recently, Sge1 from the plant pathogen Fusarium oxysporum has been shown to be required for parasitic growth, possibly through the regulation of several effector genes (19) . Many fungal species include a second, distinct member of this family, that has been separately maintained over long periods of evolution. This related family is even less characterized than the Wor1 family and includes Pac2, which regulates mating in S. pombe (20) , and Pth2 in C. albicans, which has no known function. The term "WOPR box" is based on family members Wor1, Ryp1, and the related family member Pac2.
Full-genome chromatin immunoprecipitation (ChIP-Chip) experiments have shown that Wor1 is bound to nearly 200 regions in the C. albicans genome (6) . In some cases (e.g., the WOR1 gene itself), association of DNA by Wor1 appears to activate transcription; in other cases, the effect appears to be negative. Chromatin immunoprecipitation experiments have also revealed that Ryp1 from H. capsulatum is bound to specific regions of the genome (17, 21) . In principle, Wor1 could either recognize DNA sequences directly or it could do so indirectly through associations with other DNA-bound proteins. To distinguish between the possibilities, and to determine the function of the region of Wor1 conserved across the fungal lineage, we expressed, purified, and studied a series of Wor1-derived proteins.
Results
Expression and Purification of the Conserved Domains of Wor1.
Protein structure prediction programs suggest that the WOPR box contains two globular domains roughly encompassing the 5-101aa and 196-321aa regions of Wor1. These predicted globular domains superimpose on the two regions of high conservation among species (Fig. 1B) . The amino acid stretches that connect these domains are poorly conserved and of variable length among species.
We expressed the entire 300aa WOPR box (1-321aa) as well as the individual domains (WOPRa, 1-101aa and WOPRb, 196-321aa). In order to express these proteins in Escherichia coli, the six CUG codons in Wor1 were converted to other serine encoding codons to compensate for the alternative genetic code in C. albicans (22) . Codon-changed WOR1 was then cloned into a modified pET28b expression plasmid containing N-terminal 6xHis and maltose-binding-protein (MBP) tags separated from the Wor1 constructs by a PreScission protease site. We purified the 6xHis-MBP-Wor1 1-321aa protein (henceforth referred to as MBP-Wor1 1-321) on a Ni-NTA column. An aliquot of this purified protein was cleaved overnight with PreScission protease and further purified over amylose resin and glutathione Sepharose to remove the 6xHis and MBP tags. As judged by Coomassie blue staining, the Wor1 fragment was by far the predominant protein component of the purified fraction. MBP-tagged WOPRa and WOPRb constructs were purified using a similar approach. We also expressed and purified His tagged (without MBP) 1-321aa, WOPRa, and WOPRb constructs using the PET28b vector (see Table S1 for a list of constructs expressed).
Wor1 Binds DNA Directly. To determine whether Wor1 binds DNA directly, we performed electrophoretic mobility shift assays (EMSAs) using the purified MBP-Wor1 1-321. As target DNAs, we used three 200-bp DNA fragments selected from the C. albicans genome as regions bound by Wor1 as determined by ChIP (6) . As shown in Fig. 2 , MBP-Wor1 1-321 binds 200-bp DNA fragments from the promoters of MDR1 (orf19.5604) ( Fig. 2A), WOR1 (orf19.4884) (Fig. 2B) , and orf19.4394 (Fig. 2B) . Control experiments using DNA from promoter fragments that were not enriched in the Wor1 ChIP-Chip experiments showed that the binding to MDR1, WOR1 itself, and orf19.4394 promoter sequences was sequence-specific (Fig. S2a) . We also performed DNA-binding experiments using a MBP-Wor1 1-321 derivative from which the MBP had been cleaved (Wor1 1-321aa) as well as the 6xHis tagged Wor1 1-321aa version (referred to as 6xHis-Wor1 1-321). Both of these proteins also exhibited sequence-specific binding but produced smaller-sized mobility shifts than MBP-Wor1 1-321 ( Fig. 2A) . These experiments show that the activity responsible for sequence-specific DNA binding is due to Wor1 rather than to MBP or a bacterial contaminant in the preparation. Based on additional DNA-binding experiments using a 20-bp DNA fragment and omitting the competitor Poly(dI-dC), we estimate the nominal affinity of MBP-Wor1 1-321 for DNA (expressed as a K D ) to be 4-8 nM (Fig. 2C) . Because we do not know whether the Wor1 preparation from bacteria is fully active, this value should be regarded as an upper limit; the binding could, in principle, be stronger but not weaker. This affinity is in the range exhibited by many other sequence-specific DNAbinding proteins (for example, see ref. 23 ).
WOR1 Binds a Specific DNA Sequence. We next examined the sequences of DNA specifically recognized by Wor1. We modified the EMSA experiments to include unlabeled competitor DNA corresponding to 20-bp subregions of the three previously shifted 200-bp fragments. We identified six 20-bp regions (Table S2) that efficiently competed for Wor1 binding, one from the MDR1 promoter (Fig. 2D) , two from the orf19.4394 promoter, and three from the WOR1 promoter.
We submitted these six 20-bp fragments to MEME (24) to develop a preliminary motif recognized by Wor1. This resulted in a 14-bp motif, with most of the information content located in positions 6 through 14 (Fig. 3A) . For the rest of this study, we focus on positions 6 through 14; we refer to this as the core motif. To test the relevance of this core motif to Wor1 binding, we made all possible single base pair substitutions and examined the ability of a 20-bp fragment containing each substitution to compete for binding of MBP-Wor1 1-321 to the 200-bp MDR1 promoter fragment. These results, summarized in Fig. 3B , verify the basic motif derived from MEME and demonstrate the influence of each position on Wor1's binding affinity. The second member of this protein family in C. albicans, Pth2, also recognizes this motif (Fig. S2b) although we have not determined if the Wor1 motif represents the optimal sequence for Pth2 binding to DNA.
Compared to the motifs recognized by some sequence-specific DNA-binding proteins, the Wor1 position-specific weight matrix is relatively information poor. However, the motif can account for approximately 54% of the Wor1-bound sites determined by fullgenome chromatin immunoprecipitation (6) using a stringency level that produces false positive hits in 14% of unbound promoters (see SI Materials and Methods).
The WOR1 Core Motif Is Sufficient for Transcriptional Activation by Wor1. We next determined whether the 9-nucleotide core motif was sufficient for Wor1 to function in vivo. We introduced a 20-bp fragment containing the consensus Wor1 core motif (TTAAAGTTT) flanked by linker DNA into a plasmid containing a version of the CYC1 promoter driving expression of LacZ but lacking an upstream activation sequence (enhancer). We ectopically expressed C. albicans Wor1 in strains of Saccharomyces cerevisiae (instead of C. albicans) where the two Wor1 homologs (YEL007 and YHR177) had been deleted and then performed β-galactosidase assays to determine whether this motif was sufficient to drive transcription in a Wor1-dependent manner. The experiment was performed in S. cerevisiae so we could monitor the effect of ectopic Wor1 expression without triggering the entire white-to-opaque switch and its associated large-scale changes in the gene expression profile. Thus, the experimental strategy allowed us to monitor the effect of Wor1 on the promoter without the concern of indirect effects.
Using this strategy, we determined that the presence of the core motif from Fig. 3A was sufficient to activate transcription more than 10-fold in a Wor1 dependent manner (Fig. 4A) . Mutations in the motif shown to affect binding (Fig. 3B ) strongly reduced this Wor1-dependent activation (Fig. 4B ). This analysis shows that the in vitro biochemical activity of Wor1 is mirrored by its in vivo activity.
We repeated the activation assays using the first 321aa of Wor1 (the WOPR box) instead of the entire protein. Wor1 1-321 also activated transcription from the core motif, although the level of activation is less than that observed for full-length Wor1 (Fig. 4C ). This experiment shows that the WOPR box is sufficient for DNA binding (Fig. 2) and at least some degree of transcriptional activation.
Wor1 Binds DNA as a Monomer. To determine whether Wor1 binds DNA as a monomer or a dimer, we performed additional DNA-binding experiments and gel filtration chromatography. Taking advantage of the different sized Wor1 1-321aa constructs available, we coincubated DNA with a mixture of the ∼80 kDa MBP-Wor1 1-321 and the ∼40 kDa 6xHis-Wor1 1-321 constructs. We did not observe any hybrid shifts (25) , instead obtaining only the two distinct shifts we observed when the DNA was incubated separately with each Wor1 derivative (Fig. S2c) . This result shows that Wor1 binds either as a monomer or as a very stable oligomer.
To distinguish between these possibilities, we further purified 6xHis-Wor1 1-321 and passed it over a Superdex 200 gel filtration column. We observed that the ∼40 kDa 6xHis-Wor1 1-321 eluted from the column at approximately the same position as a 44-kDa standard protein (chicken ovalbumin, Fig. S3 a and b) , indicating Motif and logo were developed using MEME. (B) Motif single base pair substitution screen for effects on Wor1 binding. All 27 possible single base pair substitutions to positions 6-14 from the motif in A were made to a 20-bp fragment containing the Wor1 motif. This unlabeled 20-bp mutation library was then screened for the ability to compete for binding with the labeled 200-bp pMDR1 fragment. For each fragment, the concentration of competitor needed to achieve a 50% reduction in binding to pMDR1 was determined. The plot shows the inverse of the concentration needed, with the wild-type concentration normalized to 1 so values greater than 1 correspond to stronger and values less than 1 to weaker binding. For samples that did not produce a 50% reduction in binding at any concentration, we used the value of the maximum concentration used in the experiment. Asterisks mark the most commonly occurring nucleotide at each position.
that it exists as a monomer in solution. Taken together, the mixing and chromatography experiments show that Wor1 1-321 binds DNA as a monomer.
Wor1 Binding Requires the Presence of Both Globular Domains. Thus far, we have shown that the WOPR box of Wor1 is sufficient to bind DNA. To further narrow down the portion of Wor1 required for sequence-specific DNA binding, we separately purified the two domains that make up the WOPR box, as both N-terminal MBP-and N-terminal 6xHis-tagged fusions. Neither the 6xHis-or MBP-tagged versions of either domain was observed to shift DNA in a sequence-specific manner, even when added at concentrations several hundred times the K D of the 300aa construct. However, when the DNA was coincubated with both the 6xHis WOPRa domain (1-101) and the 6xHis WOPRb domain (196-321), restoration of sequence-specific DNA binding was observed ( Fig. 5 and Fig. S2 d and e) . This result demonstrates that both globular domains of the WOPR box are needed for efficient sequence-specific DNA binding, although the two domains do not need to be present within the same protein molecule.
Discussion
In this paper, we identify and study a previously uncharacterized DNA-binding domain found in a widely conserved group of fungal proteins, exemplified by the C. albicans Wor1 protein.
We experimentally determined that Wor1 is a sequence-specific DNA-binding protein and that the portion of Wor1 that is conserved is sufficient for DNA binding in vitro and in vivo. The sequence of DNA recognized by this conserved region is given as a position-specific weight matrix in Fig. 3 . We have called the conserved region the WOPR box.
The WOPR box is predicted to include two globular domains (each of which is very highly conserved among fungi) separated by a variably spaced and poorly conserved linker. We showed that neither individual domain showed sequence-specific DNAbinding activity on its own, but when the individually expressed and purified domains were mixed, DNA-binding specificity was restored. Two different models of Wor1 binding to DNA can explain these results. Both models rely on the nonconserved region between the two conserved globular domains functioning as a tether. Consistent with this idea, the stretch of amino acids between the two domains varies from less than 50 to nearly 200 amino acids when observed across fungal species. Structural prediction programs suggest that this region is largely unstructured. In the first model, each of the domains forms a part of the interface with DNA but neither domain alone produces sufficient affinity or specificity to be detected in our DNA-binding experiments (Fig. 6A ). The second model holds that only one of the two domains contacts DNA, but, in order to do so, contact with the 5 and 11-14) or WOPRb (50 nM, lanes 6-9 and 15-18) were present and increasing concentrations of the other domain were added in. Lanes 2 and 11 contain only WOPRa; lanes 6 and 15 contain only WOPRb. Titrated WOPRa concentrations were 10 nM (lanes 7, 16), 50 nM (lanes 8, 17) , or 250 nM (lanes 9, 18). Titrated WOPRb concentrations were 10 nM (lanes 3, 12), 50 nM (lanes 4, 13) , or 250 nM (lanes 5, 14) . DNA probes are either a 20-bp DNA sequence containing a Wor1 binding site (140-160 bp, lanes 10-18, 20) or lacking a Wor1 binding site (120-140 bp, lanes 1-9, 19), both taken from pMDR1. Wor1 binding is seen only in the presence of both domains and the binding sites (lanes 12-14, 16-18 ). The nonspecific band appears at the same place in lanes where either DNA fragment was coincubated with the larger 6xHis-MBP-Wor1 WOPRb construct that was purified using the same protocol as the 6xHis WOPRa or WOPRb constructs, indicating that it is not due to either domain binding the DNA but rather some E. coli proteins that were not removed by the purification process. No nonspecific competitor was included with these reactions.
other domain is needed to induce a conformational change (Fig. 6B) . Although precedents exist for different aspects of each model, we are unaware of any examples that exactly match this property of the WOPR domain.
We believe that the WOPR box represents a distinct superfamily of DNA-binding proteins. Although conserved across all fungi, it has thus far been studied in detail in only a few species. In the two species where WOPR box proteins have been studied most extensively, they function as master regulators of distinctive cell morphologies. In C. albicans, Wor1 regulates the white-opaque transition, and in H. capsulatum, Ryp1 regulates the yeast-mycelial transition. Both proteins regulate hundreds of genes and the transitions involve changes in cell shape, preferred environmental niches, and interactions with the host immune system. Although previously unrecognized as sequence-specific DNA-binding proteins, WOPR box proteins are deeply conserved across the fungal lineage and, in the cases studied in most detail, they are key for regulating host-pathogen interactions.
Materials and Methods
Bioinformatic Analysis. The Wor1 protein sequence was submitted to online structure prediction and homology comparison programs, including Phyre (16), ELM (26) , and GlobPlot (27) . Estimated domain regions are based on the predictions from ELM. The full Wor1 sequence and predicted globular domains were compared versus other sequences using the PSI-BLAST tool (14, 15) . The Wor1 motif was developed by submitting six 20-bp binding sites we identified to MEME (24), using the one site per sequence option with minimum and maximum motif size constraints of 10 and 20 bp. Comparisons between the Wor1 motif and previously published Wor1 ChIP-Chip data were performed using MochiView v1.43 and are described in detail in the SI Materials and Methods (28) . A list of Wor1 peaks used for the motif-binding site comparison has been provided in Table S3 .
Cloning. Primers used in this study are included in Table S4 . Plasmids used in this study are included in Table S5 . Strains used in this study are included in Table S6 .
The six CUG codons in WOR1 were changed using several rounds of PCR with primers corresponding to the CUG codon to be mutated. The Wor1 sequence used contains a silent mutation of one other codon; however, the mutation is to a more common variant. The seven fragments containing the altered WOR1 sequence were combined using fusion PCR. Codon-changed WOR1 was amplified to add NheI and XhoI sites at the 5′ and 3′ ends, as well as a stop codon at the end of the ORF and introduced into the pCR-BluntII TOPO (Invitrogen) backbone and sequenced. From this full-length Wor1 construct, truncated 1-101, 196-321, and 1-321 amino acid versions were cloned with the same placement of the NheI and XhoI sites and C-terminal stop codon.
Constructs were ligated into a modified version of BHM1092, itself a derivative of pET28b (Novagen), with a N-terminal copy of both a 6xHis tag and MBP separated from Wor1 by a PreScission protease site. After verifying ligation, plasmids were transformed into BL21 cells for expression. Similar 6xHis tagged contrasts were made by ligating NheI/XhoI digested Wor1 constructs into pET28b.
Activation assays used derivatives of the BES146 plasmid (29) , which uses the lacZ system first described by Guarente and Ptashne (30) . Oligo pairs were ordered (Integrated DNA Technologies) containing the putative motif, or variants thereof, flanked by 5 or 6 bp on each end and sticky ends corresponding to a XhoI digest site. Oligos were phosphorylated using ATP and T4 PNK (New England Biolabs), ligated (Epicentre Biotechnologies) into XhoI digested, phosphatase treated (Epicenter Biotechnologies), and gel extracted (Zymo Research Corporation) BES146 plasmid. Plasmids were sequenced to verify the insert sequence and orientation. Unmodified BES146 was used as a negative control.
Constitutively active Wor1 plasmids were constructed in the p413TEF plasmid (31) . Codon-changed full-length Wor1 or Wor1 1-321 was cut out of the plasmid described above using the NheI and XhoI sites and ligated into pTEF413 between the SpeI and XhoI sites. p413TEF with no insert was used as a negative control.
Strain Construction. Assays were performed in the Sigma 2000 S. cerevisiae background. WOR1 homologs YEL007w and YHR177w were deleted using Leu and KanMx markers PCR-amplified with 50-bp flanks matching the gene ORF flanks using a standard homologous recombination protocol (32) . Strains were transformed with either full-length Wor1 or 1-321aa Wor1 ectopic expression plasmids or the Wor1-less control. Activation plasmid constructs were then transformed into each background. Strains were grown on -Ura/-His media to maintain selection for both plasmids.
Protein Expression and Purification. Expression was performed in 2xYT media supplemented with 1 mM MgSO 4 and 0.15% glucose. Then 5-mL cultures were inoculated from frozen stocks, grown at 37°C overnight, diluted back 200-fold in fresh media, and grown to an approximate OD of 0.6 where they were moved to 25°C and induced with 0.1 mM IPTG. Induced cultures were grown for 4 h, pelleted, and frozen in liquid nitrogen before storing at −80°C.
For purification, cells were resuspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0) supplemented with 10 mM β-mercaptoethanol (βME), 1 mg∕mL lysozyme, and 1 Complete Mini Protease inhibitor cocktail tablet, EDTA-free (Roche) per 10 mL volume. Resuspended cells were incubated at 4°C for 20 min, sonicated, and incubated with 50 U∕mL DNaseI for 15-30 min at 4°C. The lysate was centrifuged and the soluble fraction passed over a .45-μm surfactant-free cellulose acetate filter (Nalge Company). The filtered fraction was coincubated with at least 1 mL of Ni-NTA agarose beads (QIagen) for 1 h at 4°C. Beads were then batch washed five times with 10 column volumes of wash media (50 mM NaH 2 PO 4 , 300 mM NaCl, 20 mM imidazole, pH 8.0) followed by elution with 3 × 5 column volumes of elution media (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, pH 8.0). Elution fractions were pooled and concentrated on an Amicon-Ultra ultracel 10-k centrifugal filter (Millipore) and passed over a Illustra NAP-5 or a NAP-25 column (GE Healthcare) into storage (10 mM Tris pH 7.4, 100 mM NaCl, 5 mM DTT, 50% glycerol) or Amylose resin binding buffer (20 mM Tris pH 7.4, 200 mM NaCl, 10 mM βME ). For cleavage, protein was bound to amylose resin (NEB) for 90 min at 4°C, washed, equilibrated with cleavage buffer (50 mM Tris pH7.5, 150 mM NaCl, 1 mM EDTA, 1mM DTT), then incubated with PreScission protease (GE Healthcare) for 4 h at 4°C. Cleaved WOR1 was then eluted, passed over a Glutathione Separose 4 Fast Flow (GE Healthcare) slurry to remove PreScission protease, concentrated, and stored.
Purity of MBP-Wor1 or cleaved Wor1 was verified on SDS-PAGE gels. Protein concentrations were determined based on comparison to a BSA dilution series on SDS-PAGE gels as well as a bicinchoninic acid protein assay versus BSA standards. Similar methods were used for the expression and purification of the 6xHis tagged constructs.
Gel Shifts. Gel shifts were performed according to a standard protocol (33) . Probes were labeled with P32 gamma-ATP (MP Biomedicals) using T4 PNK (New England Biolabs). Binding conditions were 20 mM Tris pH8, 100 mM NaCl, 5% glycerol, 5 mM MgCl2, 1 mM DTT, 0.1% NP40, 1 μg∕μL BSA, 25 μg∕mL Poly(dI-dC) (Sigma-Aldrich). For K D determinations and shifts with 20-bp probes, binding reaction conditions were modified to 50 mM NaCl and no Poly(dI-dC). When used, unlabeled competitor DNA was added prior to addition of protein. Binding reactions were incubated for 30 min at room temperature (23-25°C). Samples were run on 6% arcylamide, 0.5X TrisGlycine-EDTA, 2.5% glycerol gels at ∼130 mA for 90 min. Gels were dried and exposed to phosphor imaging screens (GE Healthcare). Imaging was conducted on a Storm or Typhoon imager (GE Healthcare). Image analysis for quantitation was performed using ImageQuant 5.1 (GE Healthcare) followed by further analysis in Microsoft Excel.
Competition assays to identify specific Wor1 binding sites were performed at Wor1 concentrations that resulted in shifting of roughly half of labeled probe. Competitor concentrations were 5 μm∕500 nM∕50 nM or 6 μM∕ 600 nM∕60 nM. For motif mutation competitor analysis, all assays used labeled 200-bp MDR1 promoter probe and a fixed concentration of MBP-WOR1. Unlabeled 20-bp competitors were identical except for the single base pair substitutions. Unlabeled competitors concentrations were 12 μM, 6 μM, 3 μM, 1.2 μM, 600 nM, and 300 nM; no nonspecific competitor was used. The fraction of labeled probe shifted was calculated for each concentration. Data were rounded to the nearest tenth, and minimum competitor concentration needed to reduce the amount of shifting by half (0.5) was determined for each competitor. Concentrations were normalized versus the concentration of competitor containing the unmutated motif required for a similar effect, with the wild-type concentration equaling 1. Data shown in Fig. 3B reflect the inverse of this normalized concentration.
β-galactosidase Activation Assays. β-galactosidase assays were performed using a standard protocol (34) . Strains were grown in SD-Ura-His media to maintain selection for both plasmids. For each strain three colonies were grown overnight, diluted back, and allowed to reach log phase. Cells were harvested, permeablized, and activation assays performed. Data in any figure panel are from the same day.
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